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In this work we examine the role of three genetic control components in the regulation of HTLV-1 transcription: cyclic
AMP-responsive element (CRE)-binding protein (CREB), the HTLV-1 trans-activator Tax, and the three Tax-responsive
elements (TREs). We demonstrate that the in vivo efficiency of the HTLV-1 promoter basal expression in cell culture depends
on the spacing between the three TRE elements, located at the HTLV-1 LTR (long terminal repeat), whereas the level of
transcription activation mediated by Tax is affected by the number of TREs. In the presence of only one TRE, the
enhancement of expression by Tax is affected by the distance between the single TRE and the transcription start site.
Following CREB binding to the LTR, additional DNase I hypersensitive sites are generated in the region between the two distal
TREs (I and II), while in the presence of Tax, such sites are generated also in the region between TREs II and III. Neither
cooperative binding of CREB to the TREs nor preferential binding of CREB to a particular TRE was observed. Tax binding to
the CREB/TRE complex does not change the DNase I protection pattern. Taken together, these results suggest that the basal
CREB-mediated transcription is determined by the number and the position of the viral TREs relative to each other. Tax
protein stabilizes the protein/DNA complex and suppresses the spacing limitations, probably by bridging between the
CREB/TRE complexes and the basal initiation transcription complex. © 1999 Academic Press
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The retrovirus human T-cell lymphotrophic virus type 1
HTLV-1) has been implicated in an aggressive lympho-
roliferative disorder termed adult T-cell leukemia (ATL)
nd HTLV-1 associated myelopathy/tropical spastic
araparesis (HAM/TSP) (Gessain et al., 1985; Poiesz et
l., 1980; Seiki et al., 1982; Yoshida et al., 1982). The viral
enome encodes a unique oncoprotein called Tax. This
rotein is a potent transcription transactivator that regu-
ates HTLV-1 replication and facilitates the transition
rom quiescent infection to high levels of virus production
n T-cells (Felber et al., 1985; Slamon et al., 1984; So-
roski et al., 1985). The tax gene product was also found
o affect the expression of a variety of cellular and viral
enes (Bohnlein et al., 1988; Franklin and Nyborg, 1995;
ujii et al., 1992; Shannon et al., 1995; Suzuki et al.,
993a). Similar to the herpes simplex virus VP16 and the
denovirus E1a viral transactivators, Tax does not bind
irectly to DNA or RNA but rather activates transcription
y modulation of various host transcription factors (Arm-
trong et al., 1993; Fujii et al., 1992, 1994; Uittenbogaard
t al., 1994; Yoshida, 1996).
A variety of cellular factors interact with the HTLV-1
1 To whom correspondence and reprint requests should be ad-
ressed at Department of Virology, The Hebrew University–Hadassah
edical School, Jerusalem. P.O.B. 12272, Jerusalem 91010, Israel. Fax:t72 2 6784010. E-mail: honigman@cc.huji.ac.il.
303TR (long terminal repeat), such as the members of the
REB/ATF family, TIF, THP, HEBI, TFIID, SPI, and others
Beraud et al., 1991; Bosselut et al., 1982, 1990; Duvall et
l., 1995; Jeang et al., 1988; Marriott et al., 1990; Nybrog
nd Dynan, 1990; Muchardt et al., 1992; Tanimura et al.,
993; Yin and Gaynor, 1996; Yoshimura et al., 1990; Zhao
nd Giam, 1991). Tax interacts with the HTLV-1 LTR
ndirectly via binding to the nuclear factor CREB, which
inds to three incomplete CRE sites located within the
ore of unique 21-bp repeats, termed TRE (Beimling and
oelling, 1992; Brauweiler et al., 1995; Fujisawa et al.,
989; Jeang et al., 1988; Shimotohno et al., 1986; Suzuki
t al., 1993b). The G/C-rich sequences immediately flank-
ng the CRE motif in the 21-bp repeat are crucial for the
ormation of stable Tax/CREB/DNA ternary complexes in
itro (Anderson and Dynan, 1994; Paca-Uccaralertkun et
l., 1994) and for Tax-mediated transactivation in vivo
Fujisawa et al., 1989). Recent studies demonstrated that
ax contacts the DNA within the G/C-rich region (Kimzey
nd Dynan, 1998; Lenzmeier et al., 1998). The contact is
t symmetric positions 14 nucleotides on either side of
he CRE site, within the G/C-rich region (Kimzey and
ynan, 1998). It was shown that Tax stabilizes CREB/DNA
omplexes and enhances the binding affinity of CREB to
he viral 21-bp repeat (Brauweiler et al., 1995; Yin and
aynor, 1996; Zhao and Giam, 1992). Biochemical and
enetic experiments have demonstrated that the Tax
omain responsible for the interaction with CREB mapso the amino-terminal cysteine-rich region, whereas the
0042-6822/99 $30.00
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304 GOREN, TAVOR, AND HONIGMANarboxyl-terminal domain was implicated in the interac-
ion of Tax with the basal transcription machinery (Adya
nd Giam, 1995; Goren et al., 1995; Seiki et al., 1982; Yin
t al., 1995).
The CREB protein is phosphorylated by protein kinase
as a response to cAMP signaling. Only phosphorylated
REB bound to CRE sites activates transcription via
REB binding protein (CBP) (Chrivia et al., 1993). How-
ver, in the presence of Tax, CBP can be recruited to the
iral TRE–CREB complex in a phosphorylation-indepen-
ent manner, thereby serving as a cofactor for Tax acti-
ation of HTLV-1 transcription (Giebler et al., 1997; Kwok
t al., 1996).
Although the mode of interaction between CREB, Tax,
nd the TREs has been extensively studied, the molec-
lar mechanism and the role of each element of the triple
omplex in the regulation of HTLV-1 expression are not
et clear. Most studies investigated the CREB or CREB/
ax interaction with a single TRE in model systems. To
lucidate the mode of activation of HTLV-1 transcription
eplication further, we investigated, in vitro and in vivo, in
ultured cells, the role of each TRE and the possible
nteraction between them, as well as the effect of the
RE intervening sequences, in the CREB and the CREB/
ax-mediated gene expression in the HTLV-1 base com-
osition.
RESULTS
utational analysis of the TREs in basal and Tax-
ediated gene expression
Gene expression mediated by HTLV-1 LTR can be
ormally divided into two levels of expression: the CREB-
ependent basal level and the viral Tax-activated level.
oth levels of transcription activation depend upon inter-
ction of the transcription factor with the HTLV-1 cis-
FIG. 1. Mutational analysis of the effect of the TRE sequences on HTL
f HTLV-1 fused to the firefly luc gene is presented in the left part of th
he CRE-mutated TREs. Roman numbers identify the TRE on the HTLV-1
nd Jurkat cells were transfected with one of the plasmids listed (A)
ransfection efficiency, plasmid pRLU3R or pRL-CMV, in which the luc ge
uc activity was normalized to that of the Renilla Luc activity. The bars
hich was set to 1. The standard deviation for each plasmid construccting TRE repeats. dTo elucidate the contribution of each TRE site to
TLV-1 promoter expression and the possible interaction
etween them, we constructed expression vectors
ased on transcription fusion between HTLV-1 LTR and
he firefly luciferase (luc) reporter gene. Mutations abol-
shing CREB binding were introduced in the various
RE-like sites, generating expression plasmids harbor-
ng mutations in either one of the TREs separately or
lasmids harboring any combination of two mutated
REs (see Fig. 1). Luciferase expression was determined
as described under Materials and Methods) in NIH 3T3,
urkat (Fig. 1), and 293 cell lines, in the absence of Tax
promoter basal expression) or following cotransfection
ith Tax expressing vector pCTax (Factor and Shaul,
990). As an internal control for transfection efficiency,
ight emission derived from cotransfected plasmid
RLU3R in which the Renilla luciferase was expressed
nder the control of the HTLV-1 LTR or pRL-CMV was
etermined. All luc measurements were normalized to
he amount of the gene expression of the control plas-
ids. It should be noted that cotransfection with either
ne of the latter plasmids did not affect the expression of
he luc gene from the reporter plasmids. The use of two
ifferent luc genes as reporters, using the same mea-
uring technique, leads to a more reliable normalization
han using two reporter systems that rely on different
rotocols of lysis and measurement of the gene prod-
cts. Each experiment was repeated at least three times
see standard deviation, Fig. 1).
The most prominent effect on basal HTLV-1 LTR-me-
iated gene expression resulted from abolishing CREB
inding to the second 21-bp repeat (U3R2mt, Fig. 1). A
utation in the CRE sequences of TRE II that prevents
inding of CREB to this site (cf. Fig. 2, lines 2–5 to lines
–10) resulted in about 90% reduction in the basal CREB-
iated gene expression. A schematic illustration of the promoter region
e. The black boxes represent the wild-type TREs and the open boxes
er. The transcription start site is indicated by the broken arrow. NIH3T3
ansfected with pCTax, a Tax-producing plasmid (B). As a control for
replaced with the Renilla luc gene, was included in each transfection.
ent Luc activity of each construct relative to basal activity of pU3Rwt,
y is indicated.V-1-med
e figur
promot
or cotr
ne was
represependent promoter activity in all three cell lines (NIH
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305REGULATION OF GENE EXPRESSION BY HTLV-1 TRES, CREB, AND TaxT3 and Jurkat cells are presented in Fig. 1). Promoter
ctivity mediated by this site alone supports three times
igher basal expression of the HTLV-1 LTR (U3R13mt)
han either TRE I or TRE III alone or the combined activity
f the two TRE sites together (Fig. 1). These results are in
eneral agreement with the recent work of Barnhart et al.
1997) carried out in the HeLa cell line. Our results differ
rom those of Barnhart et al. (1997) as to the effect of the
utations in TRE I and TRE III on gene expression. In our
FIG. 2. DNase I protection analysis of CREB binding to the HTLV-1
TR. HTLV-1 DNA probes (nucleotides 2297 to 239, relative to the
ranscription start site) were subjected to DNase I digestion following
reincubation with increasing amounts of (His)6CREB protein (0, 45, 90,
20, and 180 ng). DNA digestion products (sense strand) of wild-type
TLV-1 LTR (lanes 1–5) or TRE II mutated LTR (lanes 6–10) were
nalyzed on sequencing gels. A schematic diagram of the wild-type
nd the TRE II-mutated LTR is presented on the left and the right sides
f the figure, respectively. The TREs are specified by boxes, the CRE-
utated TRE II (mt) is indicated by an empty box, the TREs sequences
rotected by CREB are indicated by the light part of the boxes, and the
nprotected part of the TREs is indicated by the black parts of the
oxes.ork the mutation in TRE I only slightly affected the basal (romoter activity, while mutating TRE III reduced the
asal HTLV-1 LTR-mediated gene expression by about
hreefold (Fig. 1). In brief, one can conclude that TRE II
lays a major role in the CREB-mediated HTLV-1 pro-
oter activity.
Unlike the basal expression level, Tax-activated gene
xpression was determined mainly by the number of TRE
ites rather than by a particular TRE (Fig. 1, cf. lines 2–4
o 5–7). Tax almost compensated for the absence of one
RE, resulting in similar levels of luc gene expression, 40
o 50% relative to the wild-type LTR in any of the three cell
ines (Fig. 1B for NIH3T3 and Jurkat). On the other hand,
ne TRE supported only 3–13% of gene expression rela-
ive to that of wild-type promoter (Fig. 1B, lines 5–7). TRE
II, the closest to the TATA box, responds best to Tax-
ediated activation (Fig. 1B, lane 7). Thus, while a mu-
ation in TRE II (U3R2mt) resulted in about 90% reduction
n luc basal line expression, in the presence of Tax, luc
ctivity was increased 130-fold, more than twice the fold
f activation determined for the wild-type promoter (Fig.
, lines 1 and 3).
To test whether this result is due to the minor differ-
nce between the sequences of TRE II and I or due to the
elative distance from TRE II to the downstream TRE III,
RE II was moved 48 bases to the position of TRE I in the
lasmid pGLU3R1mt. To reposition TRE II, an EcoRI site
as generated 39 to the TRE II (GA to TT substitution at
osition 2180). This mutated LTR plasmid, pGLU3R1mtE
see Fig. 3), did not exhibit any change in gene expres-
ion relative to the parental vector pGLU3R1mt (cf. Fig. 3,
ines 3 to 2). A PCR duplication of the 48 bases of the
equence located between TRE II and TRE III (2138 to
183 and an additional 2 bases) or a 48-base-long
ligonucleotide of an arbitrary sequence was inserted at
he EcoRI site, generating the expression plasmids
GLU3R1mt21d and pGLU3R1mt210, respectively (Fig. 3,
ines 4 and 5). The CREB basal activity and Tax activation
f gene expression of these two plasmid constructs were
imilar to those of U3R2mt, which harbors a mutated TRE
I, in either NIH 3T3 or Jurkat (cf. Fig. 3, lines 4 and 5 to
ine 6).
In summary, the contribution of each TRE to the basal
evel of gene expression is different and depends on its
ocation relative to the transcription start site. Tax acti-
ation levels, on the other hand, are affected by the
umber of TREs rather than by their relative position.
nteractions between CREB or CREB/Tax and the
romoter region of HTLV-1
In HTLV-1 LTR the three 21-bp repeats are arranged in
andem and separated by 27 and 79 bp (Fig. 4B). Com-
arative studies of CREB binding to double-strand DNA
ligonucleotides, corresponding to either one of the
1-bp repeats, indicate no preferential binding of CREB
our unpublished results and Anderson and Dynan, 1994;
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306 GOREN, TAVOR, AND HONIGMANrauweiler et al., 1995). Yet our observations demon-
trate (see above) that mutating any one of TREs affects
he basal and the Tax-mediated gene expression differ-
ntially. To further elucidate this finding and to verify that
here is no preferential binding of CREB to individual
REs within the context of the complete LTR, we deter-
ined the DNase I protection patterns of CREB binding
o the U3 portion of HTLV-1 LTR harboring all three TREs
nucleotides 239 to 2297). These in vitro experiments,
imilar to the CREB binding experiments to individual
1-bp repeats, did not reveal any preferred CREB binding
ite. An increase of CREB concentration in those exper-
ments gradually and equally enhanced the binding to all
hree TRE sites (see Fig. 4). Taken together with the
esults in the previous section, it may be suggested that
he differential influence of each TRE on gene expression
ay result from the difference in the length of the TRE
ntervening sequences between the 21-bp repeats. This
onclusion is supported by the finding that no significant
ifference in the binding of CREB, or CREB and Tax, to
he 21-bp TRE sequence, flanked either by 45 bp of
TLV-1 sequence or by heterologous sequences when
loned in pBend 2, was observed in gel-shift experi-
ents (EMSA) (not shown).
CREB protects three regions of the HTLV-1 LTR, span-
ing the nucleotide sequence 2251 to 2236, 2203 to
188, and 2103 to 288 on the sense strand, protecting
he CRE core element and six bases 59 and two bases 39
f the core flanking sequences of each TRE (Figs. 4 and
). The same protection pattern of the CRE core and
lanking sequence on each TRE also emerged on the
ntisense strand (example of the protection of TRE II, Fig.
B). Thus, the protected site is symmetrical and stag-
ered. The first, second, and third protected TRE tracts
re separated by about 32 and 84 bp, respectively (see
FIG. 3. Position effect of the TRE II on HTLV-1-mediated gene expre
nd mutants fused to the firefly luc gene is presented in the left part o
y E. NIH3T3 cells were transfected with one of the plasmids listed (A) o
RLU3R was added to each transfection. Results were calculated as dig. 4B). oUsing this DNase I protection assay, addition of Tax to
he binding assay revealed only a faint change in the
ength of the protected region, (cf Fig. 5A, lanes 3–5 and
anes 7–9, to lanes 2 and 6, respectively; see also Paca-
ccaralertkun et al., 1994). This change in the protected
RE sequence is much more obvious using the MPE:Fe
ootprinting analysis recently described by Lenzmeier et
l. (1998). It is clear that in the presence of Tax, CREB
rotection of the TRE occurs at a lower concentration of
REB (cf. Fig. 5A, lane 5 to lane 6).
Analysis of the DNase I unprotected intervals between
he TREs, in the presence of CREB, reveals DNase I
ypersensitive sites between TRE I and II, but not be-
ween TRE II and III (Figs. 4 and 5, boldface arrowheads).
he hypersensitive bands are not observed when the
NA fragment harbors only one TRE site (data not
hown). These observations may suggest that CREB
imers cooperatively impose a conformational change of
he DNA located between TRE I and TRE II.
Tax enhances only slightly the intensity of the DNase
hypersensitive bands between TRE I and II (Fig. 4, cf.
anes 2 and 6 to lanes 3–5 and 7–9). However, addition of
ax to the DNase I footprint assay led to the generation
f hypersensitive bands in the unprotected interval be-
ween TRE II and TRE III (Figs. 5A and B, open arrows).
t is thus possible that Tax changes the mode of inter-
ction between these TREs (see Discussion).
DISCUSSION
We have directed our studies to elucidate the mode of
nteraction and function of the three transcription regu-
atory elements: the transacting cellular protein CREB,
he viral transactivator HTLV-1 Tax, and the cis-acting
TLV-1 21-bp DNA repeats, the TREs. Although the mode
schematic illustration of the promoter region of HTLV-LTR, wild-type
gure as described in the legend to Fig. 1. The EcoRI site is indicated
sfected with pCTax (B). As a control for transfection efficiency, plasmid
ed in the legend to Fig. 1.ssion. A
f the fi
r cotranf interaction between CREB, Tax, and the TREs has
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307REGULATION OF GENE EXPRESSION BY HTLV-1 TRES, CREB, AND Taxeen extensively studied, the molecular mechanism and
he role of each element of the triple complex in the
egulation of HTLV-1 expression are not yet clear.
We studied this complex transcription control mecha-
ism on two levels: the basal CREB-dependent and the
REB/Tax-activated gene expression. The contribution of
he HTLV-1 LTR DNA sequences spanning the three
1-bp repeats to the binding of CREB or CREB/Tax in vitro
FIG. 4. DNase I protection analysis of CREB binding to the HTLV-1 LT
tart site) were subjected to DNase I digestion following preincubation
igestion products of the HTLV-1 LTR were analyzed (sense strand) o
resented on the left side of the figure. The TREs are specified by box
nd TRE II are indicated by arrows. (B) DNA sequence of the relevant pa
f the TREs (boldface capital letters) and the hypersensitive DNase I snd gene expression in vivo and the possible structural thanges imposed on the TRE intervening sequences
ere studied.
ffect of the TRE repeats on HTLV-1 basal gene
xpression
The three TREs, almost identical in sequence, did not
xhibit differences in the efficiency of binding of CREB to
V-1 DNA probes (nucleotides 2297 to 239, relative to the transcription
reasing amounts of (His)6CREB protein (0, 15, 30, 45, and 90 ng). DNA
encing gels. (A) Schematic diagram of the HTLV-1 LTR DNA probe is
legend to Fig. 3). The DNase I hypersensitive bands between TRE I
HTLV-I LTR. The sequence of the CREB protected regions (underlined)
rrows) are indicated.R. HTL
with inc
n sequ
es (see
rt of thehe various TREs in EMSA (not shown) and footprint
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308 GOREN, TAVOR, AND HONIGMANFIG. 5. DNase I analysis of the effect of Tax on CREB binding to the HTLV-1 LTR. (A) The effect of HTLV-1 Tax on CREB binding to the sense strand
f the wild-type LTR probe (see Figs. 3 and 4 for details) is shown. Increasing amounts of Tax (His)6 (0, 50, 100, and 150 ng) were incubated with the
NA probe in the presence of 60 ng (His)6CREB (lanes 2–5, respectively) or 120 ng (His)6CREB (lanes 6–9, respectively). The DNA probes were
ubjected to DNase I digestion as described (Fig. 2). A schematic diagram of the wild-type LTR, including the three TREs, the CREB protected tracts,
nd the CREB-mediated DNase I hypersensitive bands, is illustrated (see Fig. 2). The Tax-dependent DNase I hypersensitive bands, between TRE
I and TRE III, are indicated by arrows, and the CREB-dependent hypersensitive bands are indicated by bold arrowheads. (B) To better illustrate the
ax-dependent DNase I hypersensitive bands between TRE I and TRE II, the effect of Tax on CREB binding to the antisense strand is shown. DNA
robes were incubated with CREB (60 ng) in the absence (lane 2) or in the presence (lane 3) of Tax (60 ng, lane 3), prior to DNase I digestion, andhe DNA digestion products were analyzed as described above. DNase I digestion of the antisense strand is shown in lane 1.
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309REGULATION OF GENE EXPRESSION BY HTLV-1 TRES, CREB, AND Taxxperiments (Fig. 4). However, each of the triple TRE
ites affects the basal gene expression differently (Fig.
). It is quite clear that TRE II plays a predominant role in
REB-dependent transcription. Mutating TRE II dimin-
shes the LTR-mediated basal expression by close to
0%. The basal expression mediated by TRE II alone in
IH3T3 and Jurkat cells is almost as efficient as that
ediated by TRE I and TRE II together (compare
3R13mt to U3R3mt). The contribution of TRE III to the
asal expression is greater than that of TRE I, which
eems to play only a minor role in modulating basal gene
xpression (U3R1mt) (see Fig. 1). In general, these re-
ults are in agreement with the observation of Barnhart
t al. (1997). The difference between our work and that of
arnhart et al. might result from the different cell lines
sed by either group (HeLa vs NIH3T3 Jurkat and 293) or
rom the experimental designs, for example, normalized
irefly luciferase activity to Renilla luciferase activity, em-
loying basically the same cell lysis method and the
ame measuring techniques for both enzyme activities,
arnhart et al. (1997) controlled the cat gene expression
ith a luc expressing control plasmid.
The different efficiency of gene expression demon-
trated by each of the TREs is probably not due to the
inor differences in their sequences, but rather to the
istances between the cis elements. This assumption is
upported by several different experiments: (1) The basal
ctivity of a mutant in which TRE II was placed at the
ame distance from TRE III as TRE I is from TRE III is
imilar to the activity measured following transfection
ith the plasmid construct in which TRE II was mutated
nd the gene expression was mediated by TRE III and I
Fig. 3). (2) Our footprint experiments utilizing increasing
oncentrations of CREB in the reaction with wild-type
TLV-1 LTR (Fig. 4) did not reveal preferential binding to
particular TRE. (3) Competition footprint experiments,
sing an increased concentration of competitive DNA,
id not reveal preferred protection of a specific TRE (data
ot shown).
It seems that a minimal distance between two TREs is
equired for CREB activation of the HTLV-1 promoter.
ncreasing the distance between TRE III and the up-
tream TRE (e.g., U3R1mt21d, U3R1mt21o, and U3R2mt,
ig. 3A) hampered the ability of CREB to activate HTLV-1
TR-dependent gene expression more than the inactiva-
ion of either TRE I or TRE III. It is possible that distance-
ependent interaction of any two TRE/CREB complexes
mplementing DNA conformational changes or binding of
ther transcription factors, such as the TIF or THP pro-
eins between TRE II and TRE III, dictates the efficiency
f gene expression mediated by CREB bound to the
REs.
Therefore, it seems that two TREs located at an opti-
al distance from each other are required for efficient
nd functional CREB/DNA interactions and the levels of
asal gene expression. Tffect of the TREs on Tax transactivation
It was previously demonstrated that Tax markedly
timulates CREB binding to the 21-bp repeats (Anderson
nd Dynan, 1994; Brauweiler et al., 1995; Yin and Gaynor,
996; Zhao and Giam, 1992). This binding stabilization by
ax appears to be accomplished by an increase in CREB
imerization and by stabilization of the helical structure
f CREB’s bZIP domain (Baranger et al., 1995; Perini et
l., 1995; Wagner and Green, 1993). It was suggested that
ax forms a ternary complex with CREB bound to CRE in
he viral promoter. Using DNase I protection analysis, it
as demonstrated that Tax does not change the CREB/
RE DNase I protection pattern (Paca-Uccaralertkun et
l., 1994; and our study). However, a more detailed foot-
rint employing the MPE:Fe method demonstrated that
ax enhances the protection of two bases in the G/C-rich
egion outside of the CRE site. Concomitantly, Tax serves
s a high-affinity bridging molecule that directly recruits
BP to the viral promoter in the absence of CREB phos-
horylation (Giebler et al., 1997; Kwok et al., 1996). On the
asis of the results presented in this work, we propose
n expanded model for Tax transactivation of transcrip-
ion. Our footprint analyses of CREB binding of HTLV-1
TR indicate clearly that a two- to threefold increase in
he efficiency of CREB interaction with the TRE sites
ccurs in the presence of Tax. This increase in binding is
robably reflected in the moderate enhancement of Tax
ctivation of gene expression by HTLV-1 promoters har-
oring only a mono-TRE (Fig. 1).
Our results clearly indicate that Tax suppresses the
rominent reduction in HTLV-I promoter activity caused
y the mutation that prevented the binding of CREB to
RE II. The level of gene expression in the TRE II mutated
lasmid increases from about 10–20% to about 40–50%
n presence of Tax, relative to the wild-type LTR basal
ene expression, resulting in a 90- to 130-fold increase of
ctivation. In parallel, an enhancement of DNase I hy-
ersensitive bends is noticed in the spacer sequences
etween TRE II and TRE III in the presence of Tax (Fig. 5).
t is tempting to propose a model by which Tax functions
s a bridging molecule that juxtaposes the ternary com-
lexes of TRE I and/or TRE II to TRE III complexes,
enerating the appropriate structural changes that might
e required for the activation of gene expression. It can
e summarized that the increased distance between TRE
and TRE III, generated either by the mutating TRE II or
y increasing the distance of TRE II from TRE III, resulted
n diminished basal gene expression, which can be sup-
ressed by Tax.
The effect of Tax on the activation of the HTLV-1 gene
xpression can be considered on two levels: first, max-
mal gene expression, and second, the fold of activation.
he highest gene expression is achieved in the pres-
nce of the three TREs, and the presence of any two
REs results in a much better HTLV-1 LTR-mediated
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310 GOREN, TAVOR, AND HONIGMANene expression (35–50% relative to wild type) than the
resence of a mono-TRE (3–13% relative to wild type).
owever, it is obvious that TRE III is more essential to
ax activity than the other two TREs, whether as a mono-
RE (U3R12 mt) or in combination with another TRE. This
bservation can be explained in light of the model pro-
osed recently by Giebler et al. (1997), indicating that Tax
s part of the bridging between CREB/CBP at TRE III and
/CAF, one of the initiation complex proteins (Giebler et
l., 1997). This explanation is also supported by the fact
hat Tax activation of gene expression by TRE III only is
etter than that observed for the other two TREs.
Thus, we may summarize that while TRE II plays a
rucial role in CREB-mediated activation, TRE III, the
roximal TRE relative to the TATA box, is most essential
or Tax-mediated activation. Moreover, in addition to the
tabilization of the ternary complexes, CREB/Tax/TRE,
ax is probably involved in a cross-talk between the
omplexes. These changes result in up-regulation of
ene expression mediated by the HTLV-1 promoter.
MATERIALS AND METHODS
xpression and purification of recombinant Tax and
REB
Tax (His)6 protein was expressed in Escherichia coli
B 101 and purified according to the methods of Zhao
nd Giam (1991). Human (His)6 CREB was expressed in
. coli strain BL-21 (DE3) pLYS (Goren et al., 1995) and
urified as follows.
Bacterial culture was harvested and 1 g of bacterial
ellet was resuspended in 5 ml of spermidine mix [2.5 mM
DTA, pH 8.0, 200 mM NaCl, 20 mM spermidine, and 14
M b-mercaptoethanol (b-Me)] and frozen in liquid N2. One
olume of lysis buffer (25 mM Tris pH 8.0, 120 mM NaCl,
.5% w/v sucrose, 0.2% Brij 58, 1.25 mM EDTA, 10 mM
permidine, 2 mM DTT, and 1 mM PMSF, and 0.5 mg/ml
ysozyme) was added, and the bacterial mix was incubated
or a further 45 min on ice. The lysate was then incubated
or 4 min at 30°C. The suspension was adjusted to 1 M
aCl and centrifuged (18,000 rpm on a Sorval SS34) for 60
in at 4°C. Proteins in the soluble material were precipi-
ated in 25% ammonium sulfate and dissolved in NTA Ni
ative column buffer (Goren et al., 1995). Purification of the
istidine-tagged CREB was further carried out as previously
escribed (Goren et al., 1995).
lasmid and probe construction
The plasmid pU3RI (Sodroski et al., 1984) was di-
ested with BglII and cohesive ends were treated with
ung bean nuclease followed by XhoI digestion. A
.75-kb DNA fragment containing the U3, R, and 105 bp
rom the U5 region of the HTLV-1 LTR was excised and
loned into pALTER-1 (Promega) via the HindIII-filled-in
nd SalI restriction sites, generating plasmid pALTERU3R. this plasmid served for the in vitro site-directed mu-
agenesis of the HTLV-1 LTR (described below). For in
ivo luciferase assay, the viral promoter sequences (both
ild-type and mutants) were excised from the various
ALTERU3R plasmids by BamHI and HindIII digestion
nd fused to the firefly luciferase or the Renilla luciferase
eporter genes of pGL3 or pRL-null, respectively (Pro-
ega), to give rise to the various pGLU3R and pRLU3R
xpression vectors.
ite-directed mutagenesis
Site-directed mutagenesis was carried out using the
lter II mutagenesis kit (Promega) according to the man-
facturer’s instructions. The oligonucleotides (59) CCAG-
CTAAGGCTCACTAGTCTCCCCCCGGAGG, (59) CGGCT-
GGGCTAGATCTTAACGTTTCCCCCTGAAG, and (59)
CGTCCTCAGGCCTCGAGGACAACCCCTCAC, corre-
ponding to the first, second, and third TRE sites on the
TLV-1 LTR, respectively, were used to generate single-
r double-point mutations on the viral LTR. The specific-
ty of the mutation was ensured by sequencing of the
utated promoters. To generate an EcoRI mutation at
osition 2180 (Seiki et al., 1982), oligonucleotide (59)
TGTCCCCCTGAATTCAAATCATAAGC was used.
Nase I footprinting assay
DNA fragments for DNase I protection experiments
ere prepared by PCR, using 59 end-labeled DNA oligo-
ucleotides, corresponding to the sites of choice on the
TLV-1 LTR and purified following a 3.0% agarose gel
NuSieve) electrophoresis.
For the DNase I footprinting experiments, promoter
ragments (40,000 to 60,000 cpm) were incubated for 25
in at room temperature in the absence or in the pres-
nce of various amounts of (His)6CREB, or (His)6CREB
nd Tax(His)6 in 100 ml of binding buffer (10 mM Tris, pH
.6; 50 mM NaCl, 5 mM MgCl2, 2.5 mM CaCl2, 1 mM
permidine, 2 mM DTT, 25 mM ZnCl2, 10% glycerol, and
.1 mg/ml BSA). RQ DNase I (0.25 units; Promega) was
dded directly to the binding reaction. Nucleolytic diges-
ion was stopped after 2.5 min by addition of 100 ml of
top buffer (200 mM NaCl, 30 mM EDTA, 0.2% SDS, and
00 mg/ml yeast tRNA). The DNA was phenol-extracted
nd ethanol-precipitated. One-third of the footprint reac-
ion was analyzed on sequencing gel in parallel to DNA
equencing reaction of the corresponding DNA fragment
sing the fmol DNA sequencing system (Promega).
ransfection
NIH 3T3 and 293 cell lines were utilized for transient
ransfection using the standard calcium phosphate meth-
ds. Cells were plated 24 h prior to transfection in Dulbec-
o’s modified Eagle’s medium containing 10% fetal calf
erum to give a semiconfluent culture. In all experimentshe ratio of the Tax producing plasmids pCTax to reporter
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311REGULATION OF GENE EXPRESSION BY HTLV-1 TRES, CREB, AND Taxlasmid DNA (0.5 mg) was 1:5. The ratio of the various
TLV-1 LTR wild-type or mutant HTLV-1 LTR–firefly tran-
cription fusion reporter vectors to the transfection control,
RLU3R harboring the HTLV-1 LTR–Renilla transcription
usion DNA fragment, was 4:1. The culture medium was
hanged 24 h posttransfection, and 24 h later the cells
ere harvested into passive lysis buffer (Promega) and
he amount of light emission was determined using an
utomatic Anthos I Lucy photoluminometer.
Jurkat cells were transfected using Transfast reagent
Promega). In all experiments the ratio of the reporter
lasmids (1 mg) to the Tax-producing plasmid, pcTax
NA, was 2.5:1, and the ratio to the pRL-CMV (Promega)
NA was 200:1. Twenty-four hours before transfection,
urkat cells were diluted to 0.8 3 106 cells/ml in RPMI
edium containing 10% FCS. On the day of transfection,
3 106 cells for each sample were pelleted and resus-
ended in 1 ml RPMI containing the DNA and Transfast
eagent at a molar ratio of 1:1. Following incubation at
7°C for 1 h, 1 ml of RPMI containing 20% FCS was
dded. The cells were harvested 48 h later.
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